Recent experiments on heterogeneous detonation waves by Nicholls, James Arthur et al.
79-0288 
Recent Experiments on Heterogeneous 
L Detonation Waves 
J.A. Nicholls, R. Bar-Or, Z. Gabrijel and E. 
Petkus, University of Michigan, Ann Arbor, 
Mich . 
17th AEROSPACE SCIENCES 
MEETING 
New Orleans, La./January 15-17, 1979 
For permlsslon to copy or republish, contact the American lnstltute of Aeronautics and Astronautics. 
1290 Avenue of the Amerlcas, New York. N.Y. 10019. 
RECENT EXPERIMENTS ON HETEROGENEOUS 
DETONATION WAVES 
J.A. Nichol ls* ,  R .  Bar-Or**, Z. Gabrijel', E. Petkus 
The Un ive rs i t y  o f  Michigan, Ann Arbor, M I  
tt 
Kerosene 1.6 1810 
Abstract  
Some recent  r e s u l t s  on the  b l a s t  wave i n i t i a -  
t i o n  o f  c y l i n d r i c a l  heterogeneous detonat ion waves 
are presented herein.  Resul ts inc lude a comparison 
o f  the r a t e  o f  decay o f  t he  c y l i n d r i c a l  b l a s t  wave 
through n i t rogen  alone w i t h  t h a t  wherein 400 m 
l i q u i d  drops a re  dispersed throughout the  n i t rogen.  
Heterogeneous r e a c t i v e  m ix tu re  r e s u l t s  inc lude 
kerosene-air, kerosene-oxygen, kerosene + NPN 
(normal propy l  n i t r a t e ) - a i r ,  kerosene + NPN-oxy- 
gen, heptane-air ,  and heptane-oxygen. Some 
r e s u l t s  a re  presented wherein the  i nne r  p o r t i o n  
o f  t he  c loud i s  devoid of fuel  bu t  t he  decaying 
b l a s t  wave produces detonat ion l a t e r .  
speed framing camera photographs o f  c y l i n d r i c a l  
heterogeneous detonat ion waves a re  shown. 
A few h igh 
0.33 1876 
In t roduc t i on  ____ 
This paper presents some recent  r e s u l t s  on an 
ongoing study o f  t h e  b l a s t  wave i n i t i a t i o n  and 
propagation o f  c y l i n d r i c a l  heterogeneous detonat ion 
waves. P a r t i c u l a r  aspects of i n t e r e s t  i n  t h i s  
study are the  d e t a i l s  o f  and the  i n i t i a t o r  energy 
requi red f o r  t he  i n i t i a t i o n  o f  detonat ion,  the 
c h a r a c t e r i s t i c s  o f  t he  wave propagation, t he  i n f l u -  
ence of phys ica l  and chemical p roper t i es  o f  the 
fue l ,  and wave propagat ion through a c loud which i s  
non-uniform i n  f u e l - o x i d i z e r  r a t i o .  
t i a l l y  t he  same as t h a t  described ea r l i e r132  so 
t h a t  on l y  a cursory desc r ip t i on  w i l l  be given here. 
The sectored shock tube, shown i n  Fig.  1, i s  de- 
signed t o  model a sector  of a c y l i n d r i c a l  combus- 
t i b l e  cloud. The angle of t he  sector  i s  20", t he  
"he ight"  of t he  c loud (d is tance between the s ide 
w a l l s )  i s  5.2 cm, and the  rad ius i s  about 140 cm. 
The fue l  drops a re  dispersed throughout the  gase- 
ous o x i d i z e r  by f lowing the  l i q u i d  fuel  through as 
many as 322 needles and pu ls ing  t h i s  f l ow  a t  about 
the  Rayleigh frequency. With the  current  s i z e  o f  
needles i n  use, t he  r e s u l t a n t  uni form drop s i z e  i s  
about 400 urn. The c y l i n d r i c a l  b l a s t  wave i s  formed 
by f i r i n g  a b l a s t i n g  cap (Dupont E-106) and a mea- 
sured amount o f  condensed explos ive (Dupont Deta- 
sheet C). The propagat ion of t he  wave i n  the r a d i a l  
d i r e c t i o n  i s  monitored by 14 t ime o f  a r r i v a l  pres- 
sure switches. This  Dosi t ion- t ime data can then be 
L 
The experimental f a c i l i t y  employed i s  essen- 
converted t o  v e l o c i t y '  versus radius informat ion.  
For photographic work, spec ia l  s ide  p l a t e s  are 
used f o r  t he  i n i t i a l  p a r t  of t he  chamber which 
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incorporate windows on the  c e n t e r l i n e  which are 
centered about a rad ius o f  about 65 cm. The win- 
dows are approximately 2 cm by 10 cm i n  the  r a d i a l  
d i r e c t i o n  and 2.5 cm t h i c k .  A Beckman-Whitlev 330 
camera was used which can y i e l d  80 frames a t  i p  t o  
2 m i l l i o n  frames per  second w i t h  about 1 /3 ~ 1 s  expo- 
sure t ime f o r  each frame. The camera was used a t  a 
speed of about 500,000 frames per second. A pa ra l -  
l e l  beam l i g h t  source was t r i gge red  by a pressure 
swi tch and double exposure was avoided by pu ls ing  
the  xenon l i g h t  source f o r  a l i m i t e d  amount of t ime. 
The chamber was operated w i t h  42 rows w i t h  
seven needles (0.02 cm 1.0.)  per row. For the  oxy- 
gen case, t he  fuel  f l ow  was maintained constant and 
the a i r  replaced by oxygen. As a consequence, the 
mixture r a t i o  was q u i t e  lean i n  the oxygen stud ies.  
The r e s u l t i n g  equivalence r a t i o s  and the  expected 
Chapman-Jouguet detonat ion ve o c i t i e s ,  as ca l cu la ted  
t a b l e  below. I n  c a l c u l a t i n g  DCJ the f u e l s  were 
assumed t o  be i n  the  gaseous phase bu t  the enthalpy 
o f  format ion used was t h a t  f o r  t he  l i q u i d .  
-.QxJdizer I A I R  I OXYGEN 1 
by the  Gordon-McBride program A ,  are  ' ' g iven i n  the 
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Recently obtained experimental r e s u l t s  w i l l  now 
be presented and discussed. 
Experimental Resul ts 
A ser ies o f  runs was conducted which shows the 
weakening ef fect  of t he  drops on the b l a s t  wave. 
F igure 2 shows radius- t ime r e s u l t s  f o r  three sepa- 
r a t e  runs wherein 5 grams o f  explos ive (p lus  the  
Ld c. O.i . i" . l  ' h * * b * ~ . ~ ? ,  -~ ~ a"*...*.. 57 .80  4 j 
F igure 1.  Schematic o f  Experimental Set-up. 
v 
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R-RAOIAL POSITION tW.1 
FIO. 2. EFFECT OF DRWLETS ON THE 
DECAY OF ELAST WAVES 
b l a s t i n g  cap) were used i n  each case. 
curve, which represents the  h ighes t  wave v e l o c i t y ,  
corresponds t o  a c y l i n d r i c a l  b l a s t  wave i n  a i r  w i t h  
no f u e l  present. The upper, o r  slowest v e l o c i t y  
curve, i s  a repeat except t h a t  heptane drops were 
present and n i t rogen  replaced the  a i r .  The marked 
reduc t ion  i n  wave v e l o c i t y  by t h e  drops i s  r e a d i l y  
apparent. The t h i r d  curve corresponds t o  the  same 
s t rength  b l a s t  wave i n t o  heptane drops and a i r .  
The wave v e l o c i t y  i s  increased somewhat over t h a t  
i n  t h e  n i t rogen  case, thus i n d i c a t i n g  t h a t  combus- 
t i o n  i s  p a r t i a l l y  support ing the  wave. However, 
detonat ion does n o t  occur and t h e  wave speed i s  
w e l l  below t h a t  fo r  the  pure b l a s t  wave case. 
F igure  3 represents r e s u l t s  f o r  var ious run 
cond i t ions  f o r  a constant i n i t i a t o r  energy l e v e l .  
A s  can be seen, t h e  b l a s t  wave i n  a i r  i s  somewhat 
fas te r  than t h e  r e a c t i n g  b l a s t  wave (no detonat ion) 
i n  kerosene and a i r .  
kerosene-oxygen i s  1600 mlsec as compared t o  the  
t h e o r e t i c a l  value o f  1876 m/sec. Th is  lower det- 
onat ion  v e l o c i t y  i s  be l ieved t o  be a t t r i b u t a b l e  t o  
losses t o  t h e  chamber wa l ls .  Some f u r t h e r  exper i -  
mental r e s u l t s  i n  kerosene-oxvaen f o r  d i f f e r e n t  
The lowest 
The observed v e l o c i t y  i n  
_ _  
energy l e v e l s  a re  shown i n  F i g .  4 .  It can benoted  
t h a t  t h e  h igher  energy l e v e l s  produce s t ronger  
b l a s t  waves which decay t o  a constant v e l o c i t y ,  
presumably the  de tonat ion  v e l o c i t y .  Curves 2 and 3 
a r e  c lose  t o  t h e  same v e l o c i t y  and curve 1 i s  
EXPLOSIVE CIURBE.E106+3 On. 
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R-RADIAL POSITION tCn.1 
FIO. 4 OETONATIOMS I N  KEROSENE/OXYGEN 
w 
a 
s l i g h t l y  slower. I n  t h e  case of the  b l a s t i n g  cap 
alone, acce le ra t i on  t o  detonat ion v e l o c i t y  occurs 
o n l y  i n  t h e  second h a l f  o f  the chamber and the  
f i n a l  v e l o c i t y  seems t o  be the  same as f o r  the 
l a r g e r  charges. 
Further experiments were conducted wherein the  
kerosene was sens i t i zed  by the  add i t i on  o f  25% (by 
volume) of normal p ropy l  n i t r a t e  (NPN). The r e -  
s u l t s  a re  shown i n  F ig .  5, wherein the energy l e v e l  
was the  same f o r  every run. Two curves f o r  the  non- 
sens i t i zed  case, shown e a r l i e r ,  are included f o r  
comparison. Two separate runs are  shown f o r  sensi-  
t i z e d  kerosene-air.  I n  one case the  smooth curve 
shown i n d i c a t e s  constant v e l o c i t y ,  o r  detonat ion.  
However, the  i nd i ca ted  v e l o c i t y ,  1350 mlsec, i s  low 
and there  i s  some doubt t h a t  detonat ion occurs. 
The open c i r c l e s  f o r  the  o ther  run, n o t  connected 
by a curve, a re  above the  curve except a t  about 
115 cm a r a p i d  acce le ra t i on  of the  wave i s  i n d i c a t e d  
It i s  concluded t h a t  t h i s  kerosene-NPN-air m ix tu re  
i s  c lose  t o  detonat ion f o r  t h i s  energy l e v e l  and 
t h a t  h igher  i n i t i a t o r  energies would produce de t -  
onation. F i n a l l y ,  the  sens i t i zed  kerosene-oxygen 
mix tu re  i s  seen t o  acce le ra te  more raDidlV t o  det-  
W 
onat ion cond i t ions  than i n  the  unsens;ti&d case. 
The observed v e l o c i t y  o f  1660 m/sec i s  somewhat 
lower than t h e  t h e o r e t i c a l  one (1812 m/sec) and 
s l i g h t l y  h igher  than t h e  non-sensi t ized case. 
R-RADXAL POSTION rm. I 
FIQ. 5. EFFECT OF ADDITION OF 
NPN A 3  9EN31TIZER 
v 
L 
Some experimental r e s u l t s  f o r  b l a s t  and detona- 
t i o n  waves i n  heptane-a i r  and heptane-oxygen mix- 
tu res  a r e  shown i n  Fig. 6. 
h igh  energy run (5 grams) f o r  heptane-air d i d  n o t  
r e s u l t  i n  detonation. On the  o ther  hand, a detona- 
t i o n  was produced almost immediately f o r  the  heptane- 
oxygen case w i t h  o n l y  a b l a s t i n g  cap. The h igher  
energy run  (1 gram) produced e s s e n t i a l l y  the same 
v e l o c i t y  a f t e r  the  b l a s t  wave decayed. 
It i s  obvious t h a t  the  










R-RMIAL POSITION tW.1 
~18.6 BLAST AND DETUMTION WAVES IN WTMEIAIR 
mo HEPTMWOXIOEN n I m s  
R-RADIAL POSITION tCtI.1 
f10. 7. DETONATIONS I N  W T W O X Y E E N  NIXTWIES 
Addi t iona l  heptane-oxygen runs are shown i n  
F i g .  7. The lower constant v e l o c i t y  detonat ion 
curve i s  the average o f  many experiments and the 
measured v e l o c i t y  i s  2000 m/sec. For the upper 
curve, the  drops were n o t  being produced. 
there  was some dr ipp ing  from the  needles and the  
bottom wal l  was q u i t e  wet w i t h  f u e l .  A f t e r  some 
decay, i t  appears t h a t  detonat ion was establ ished.  
Apparently the  h igh  vapor pressure o f  heptane i s  
lead ing  t o  an appreciable vapor content .  Consider- 
i n g  the vapor pressure o f  heptane, we could expect 
a + = 0.5 t o  0.6 i n  the vapor phase. Ca lcu la t ion  
of the CJ v e l o c i t y  f o r  these cond i t ions  ind ica tes  
values o f  2037 m/sec and 2112 mlsec, respec t ive ly ,  
which are i n  e x c e l l e n t  agreement w i t h  our  measured 
value. 
However, 
A comparison o f  var ious f u e l s  w i t h  oxygen i s  
There appears t o  be a d i s t i n c t  separat ion 
shown i n  Fig. 8 f o r  the  lowest  i n i t i a t o r  energy 
l e v e l .  
i n  the  r e a c t i v i t i e s  o f  the  var ious combinations. 
I da ih sh. m im uo ia. a 
R-RADIAL WSITIDN tCM.1 
FIQ. 9. EFFECT ff VOIDS ON OETONATIOHS 
OF WTANE/OXYCM 
While detonat ion i n  heotane-oxvoen i s  i n i t i a t e d  r i o h t  
away, the  b l a s t  wave i n  both k&6ene-oxygen and 
kerosene + NPN-oxygen i s  decaying much more before 
acce le ra t ing  t o  a detonat ion wave. 
r a t i o n  t h a t  appears a t  l a r g e  rad ius  f o r  kerosene 
+ NPN and, t o  some extent ,  f o r  kerosene i n d i c a t e s  
t h a t  s t a b l e  propagation has not  y e t  been a t ta ined.  
The e f f e c t  o f  regions o f  various ex ten t  which 
are devoid o f  f u e l  and a t  the  c loud center  i s  shown 
i n  F ig .  9. For the  case of no fuel up t o  a rad ius  
o f  20 cm. detonat ion i s  es tab l i shed almost immedi- 
The r a p i d  accele- 
a t e l j .  
decays but  then goes over t o  detonat ion.  Tne t r a n -  
For tne 50 cm case tne reac t ing  o l a s t  dave 
s i t i o n  i s  somewhat upstream o f  the  50 cm p o s i t i o n  
and t h i s  may be a t t r i b u t a b l e  t o  the d i f f u s i o n  of 
vapors upstream. 
70 cm case. The detonat ion v e l o c i t i e s  are almost 
the  same i n  each case. 
S i m i l a r  r e s u l t s  are seen f o r  the  
A few frames from a h igh  speed framing camera 
record o f  a c y l i n d r i c a l  heptane-oxygen detonat ion 
are shown i n  Fig. 10. The framing speed was 
approximately 500,000 frames per second and the  
t ime between the  frames shown i n  the f i g u r e  i s  8.1 
psec. The reference w i r e  system i s  5 cm apar t .  I n  
the upper frame, th ree  v e r t i c a l  ar rays o f  d rop le ts  
can be seen; the  drop producing s t a t i o n s  are about 
2.5 cm apar t .  I n  the upper photograph, the  shock 
wave (no t  very sharp) i s  t o  the  l e f t  of the  double 
- 5 C M .  1 
Figure 10. Detonat ion Wave i n  Two Phase 
Heptane-Oxygen M ix tu re  
w i re  and moving t o  the  r i g h t .  
graph the  shock has passed over the  drops from the 
7 needles and some d i s t o r t i o n  o f  t he  drops i s  appar- 
ent.  
ab le  aerodynamic s h a t t e r i n g  o f  t h e  drops has r e s u l t e d  
bu t  i t  i s  n o t  obvious as t o  whether i g n i t i o n  has 
occurred ye t .  
t raversed the  second column o f  drops. There appears 
t o  be ho r i zon ta l  l ave rs  behind the  shock but  an 
I n  the  second photo- 
I n  the  t h i r d  and f o u r t h  photographs consider-  
I n  the  l a s t  photograph the  shock has 
explanat ion i s  n o t  i n  hand 
Concluding Remarks 
As brought o u t  i n  the  d iscuss ion o f  t h e  exper- 
imental  resu l t s ,  many l i q u i d  fue ls  i n  a i r  l ead  t o  
d i f f i c u l t i e s  as f a r  as the  establ ishment of detona- 
t i o n  i s  concerned. As a consequence, i t  i s  o f t e n  
d i f f i c u l t  t o  t e l l  from the  l abo ra to ry  sca le t e s t s  
whether detonat ion i s  achieved o r  no t .  Fur ther ,  
t he re  i s  t he  s t rong p o s s i b i l i t y  t h a t  t h e  chamber 
gives some confinement e f fec ts  f o r  those reac t i ons  
w i th  long reac t i on  zones. Accordingly,  i t  i s  
planned t o  use oxygen enrichment i n  order  t o  achieve 
eas ie r  and f a s t e r  i n i t i a t i o n  of detonat ion.  This  
aspect i s  o f  g rea t  importance when study ing the  
propagat ion r a t e  through a non-uniform mixture.  
Another aspect of importance i s  t he  vapor pressure 
of t he  l i q u i d .  Whi le a l i q u i d  w i th  r e l a t i v e l y  h igh 
vapor press re, such as heptane, i s  c e r t a i n l y  of 
i n t e r e s t ,  4 would be revea l i ng  t o  ga in c o n t r o l l e d  
in format ion fo r  those cases where t h e  vapor phase 
o f  t he  fue l  would no t  be expected t o  en te r  s t rong ly .  
Fur ther  s tud ies w i l l  f o l l o w  t h i s  path, a t  l e a s t  i n  
pa r t .  
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